Depending on the scattering regime, the interaction between electrons and the ponderomotive potential of an optical standing wave can be described both quantum mechanically (KapitzaDirac effect [7] [8] [9] ) or classically [8, 10] . In the quantum picture, the matter wave coherently
diffracts on the periodic potential of the two colliding optical waves with wavevectors k andk and identical frequency ω, leading to observation of a series of diffraction peaks separated by two photon recoils 2ħk (Raman-Nath regime [5, 7] ) or an individual diffraction peak (Bragg regime [8, 11] ). From the point of view of energy and momentum conservation, a diffracted particle simultaneously absorbs a photon from the first wave and emits a photon to the second wave via stimulated Compton scattering. The strength of the interaction is proportional to the light intensity (density of photons) of the optical standing wave.
From the classical perspective describing an incoherent scattering regime [4, 8, 10] , the periodic ponderomotive potential of the optical standing wave   were proposed [12] [13] [14] [15] , and ponderomotive ballistic bunching of electron beams was theoretically considered [6, 16, 17] . However, experiments along these lines have not been realized hitherto.
In this paper we experimentally demonstrate a strong modulation of energy and longitudinal momentum of electrons (momentum component in the direction of electron propagation) in vacuum by using two pulsed laser beams at different frequencies ω1 and ω2 intersecting with a pulsed electron beam at non-zero angles of incidence α and β (Figure 1a where z the electron propagation direction. In the electron's rest frame, a standing optical wave is formed. Therefore the electron experiences a constant phase with respect to the light intensity modulation and is pushed out of the high-intensity regions by the ponderomotive force (shown schematically in Figure 1e ). An arbitrary choice of incident angles α and β leads to an angular tilt of the travelling wave with respect to z (term While Figure 1a shows the situation before, Figure 1b shows the system after the stimulated
Compton scattering process where a photon with higher energy is absorbed by an electron while a photon with lower energy is emitted. The incident angles α and β of the laser beams are selected in such a way that the electron momentum change Δħk is parallel to its initial momentum ħkin, leading to zero transverse momentum change. The second possible process 
Here Δħk|| is the longitudinal momentum change of the electron, ΔEkin is the change of the electron kinetic energy, c is speed of light and The maximum observed energy modulation of the electrons corresponds to the simultaneous absorption and emission of more than 10 4 photons by a single electron. In this high intensity regime, where the scattering rate exceeds the optical frequency of the driving light [4] , a depletion of the electron population around the initial energy and the appearance of two broad incoherent rainbow peaks are expected in the electron spectra, similar to the high-intensity Kapitza-Dirac effect [4] . However, the shape of the measured spectra is further influenced by the fact that the electron pulse duration τe,FWHM used in the experiment is longer than the durations of the laser pulses τ1,FWHM, τ2,FWHM, generating the optical travelling wave (see To characterize the transverse momentum transfer and prove that it is negligible, we measure the 2D spatial distribution of the electrons on the MCP detector after the spectrometer ( Figure   2e ). A modulation of the transverse momentum of electrons would lead to their deflection in y 7 and would appear here as a spread along ydet axis (xdet and ydet being the Cartesian coordinates in the detector plane, see Figure 1d ). The observed deflection angles of electrons are below the angular resolution of the setup of δθdef≈20 mrad, confirming that the transverse momentum transfer is negligibly small compared to the longitudinal momentum change (see Methods).
For applications in particle acceleration by laser fields [19, 20] , an important property of the demonstrated inelastic scattering is the peak value of the energy gain per unit length, the acceleration gradient. In this proof-of-concept experiment we reach Gp=dEkin/dz=2.2±0.2
GeV/m (Figure 2d ). Albeit obtained in a second order ponderomotive process, this gradient is already much higher than typical values reached in state-of-the-art radio-frequency accelerators (∼50 MeV/m). In addition it is almost on par with the Gp=3 GeV/m obtained using vacuum acceleration of electrons by the longitudinal field of radially polarized few-cycle pulses in the relativistic field regime (a0=5) [21] . The high efficiency makes the ponderomotive interaction between electrons and an optical travelling wave interesting for applications in various particle acceleration schemes, such as in laser-wakefield or dielectric laser acceleration, where it could serve for initial pre-acceleration. Furthermore, because of the independence of the ponderomotive force on the sign of the charge, space-time compression of plasmas is possible.
As an important consequence of the periodic sinusoidal modulation of the longitudinal electron momentum on the femtosecond time scale, an attosecond bunch train is generated due to a rotation of the electron distribution in longitudinal phase space during the ballistic propagation (propagation without any external forces) after the interaction [6, 16, 17] . This opens a way to reach sub-optical cycle, i.e. attosecond (1 as=10 -18 s), temporal resolution in ultrafast electron diffraction and microscopy experiments, or to control the electron injection in novel photonicsbased accelerators on attosecond time scales [22, 23] . Numerical simulation results of the ballistic bunching of electrons after their interaction with the optical travelling wave are shown in Figure 3 for the two central periods of the temporal intensity envelope. The calculation is 8 performed with the experimental parameters used in this study, namely pulse energies of Ep=19 μJ (the lowest spectrum in Figure 2b ) and an initial electron energy spread of δEkin,in=0.5 eV.
The temporal focus occurs already at a propagation distance of ∼11 μm after the center of the interaction defined by the point of the intersection of the three beams (the electron beam and the two laser beams) used in the experiment. This corresponds to the propagation time of only 110 fs. The resulting minimum temporal duration of an individual electron bunch in the train is simulated to be τFWHM=210±10 as, and 30% of all electrons spread initially over one period of the travelling wave (Tg=2π/(ω1-ω2)=14.7 fs) are confined within a temporal window of 300 as in the temporal focus. This number can be further improved by a multistage compression scheme, where, in the first stage, the electron packet will be pre-bunched to a duration of a few femtoseconds by the interaction with a ponderomotive potential of a higher-order LaguerreGaussian spatial mode of a focused laser beam [16] . After the first compression stage, the electrons will be injected to a fraction of the period of an optical travelling wave, where the ponderomotive potential can be considered as parabolic in the longitudinal direction. Such a double-stage compression scheme will allow generation of an isolated electron attosecond pulse.
For bunching over macroscopic distances of 100 μm to 5 mm, which would allow temporal compression of the electrons while propagating to a sample under study in ultrafast electron diffraction experiments [24, 25] , laser pulses with a pulse energy of just 100 nJ to 1 μJ are required. These are readily achievable even for MHz repetition rate laser systems. Interestingly, the attosecond bunch train can be synchronized with an optical pulse produced by difference frequency mixing of the two waves used for the interaction as the optical period of such a pulse matches the time period of the optical travelling wave. In addition and even without carrierenvelope phase stable laser pulses, a passive phase stability is obtained between the difference frequency wave and the optical travelling wave.
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The demonstration of the inelastic ponderomotive scattering of electrons at an optical travelling wave presented here further opens the possibilities to study the quantum nature of the nonlinear two-photon inelastic scattering/diffraction processes in vacuum in the energy domain. Similar to single-photon transitions induced by optical near-fields [26] [27] [28] , two-photon quantum transitions can be observed employing a high resolution electron energy loss spectrometer (EELS) in a transmission electron microscope-based setup. Likewise Ramsey-type interferometry experiments [29, 30] are possible via two subsequent interactions. This technique can further serve for energy modulation and bunching of propagating atoms or molecules, where the interaction strength can be even further enhanced using near-resonant interactions [2] . Last, by controlling the polarization state of the two pulses, namely using a combination of linearly and circularly polarized light, energy-resolved studies of electron spin flipping or spin polarization-dependent splitting in high-intensity laser fields might be performed using the presented scheme [31] [32] [33] .
Methods

Laser pulses
We use a Ti:sapphire regenerative amplifier (repetition rate frep=1 kHz, pulse duration τFWHM=90 fs, central wavelength λ=800 nm, pulse energy Ep=7 mJ) to serve as a pump for an optical parametric amplifier (OPA). Here the three laser beams for the experiment are generated. The The normalized field amplitude a0 is typically used to compare the strength of the interaction between laser fields and charged particles. In the relativistic field regime ( 0 1 a  ), the field of the laser is strong enough to accelerate the particle close to the speed of light c during one optical cycle. In the opposite case ( 0 1 a  , this study), the change in the electron´s velocity during one optical cycle is small in comparison with c and electrons do not reach relativistic energies (see the simulated energy increase of an accelerated electron during the interaction in Figure 2d ).
Electron beam
The electrons are photoemitted by a single-photon process from a Schottky-type cathode of the SEM using side-illumination. The initial electron energy in the experiment is Ekin=29 keV. After the electron beam is focused by an objective lens, its transverse size at the interaction point is measured by the knife-edge technique (see Supplementary Figure 5a ) to be w=3.6±0.5 μm (1/e 2 radius). The objective lens aperture is removed from the SEM column during the experiments to increase the electron beam current. The electron bunch duration τe,FWHM=730±30 fs is measured by acquiring the post-interaction electron spectra as a function of the time delay between the UV pulse and the two infrared pulses (see Supplementary Figure 5b , c).
The transverse momentum of the electrons after the interaction in the plane of incidence of the two laser pulses (y-z plane) is characterized in Figure 2e by acquiring the 2D image of the electron distribution on the MCP detector. Here any deflection of electrons due to the interaction with the optical travelling wave would lead to spread/tilt of the electron distribution in y direction, corresponding to ydet coordinate in the detector plane. The observed maximum deflection angle of electrons is below the angular resolution of the setup ∼20 mrad. This is limited by defocusing of electrons in ydet direction by the edge fields of the magnetic spectrometer (while the electrons are dispersed and focused in xdet) and the electron beam divergence angle. Negligible observed deflection of interacting electrons agrees with numerical simulations, where we obtain a maximum deflection angle of of θdef≈5 mrad (see Supplementary Figure 6 ). This is caused by the non-zero width of the angular spectrum of the Gaussian beam plane wave representation in the focus [34] , the finite bandwidth of the laser pulses and the fact that the experimental conditions (angles of incidence α and β, laser frequencies ω1 and ω2) based on equation (3) are accurate only for electrons at the initial kinetic energy, while the energy of electrons in the experiment is significantly modulated already during the interaction.
Detection setup
Electrons are dispersed by an Elbek-type electromagnetic spectrometer [35] 
